A long ripening period is essential for the production of dry-cured ham. This ripening process results in the generation of a large number of small peptides that are responsible for the ham's flavour. In this study, peptides extracted from Jinhua ham were separated and purified using a tangential flow filter and Sephadex G-25 gel filtration chromatography and identified using liquid chromatography-tandem mass spectrometry. Sixty-three peptides were identified within the range between 227.1 and 1540.8 Da, including 10 dipeptides, 14 tripeptides, 12 tetrapeptides, eight pentapeptides, eight hexapeptides, four heptapeptides, one octopeptide, three nonapeptides, one decapeptide, one dodecapeptide, and one tridecapeptide. The most abundant peptides (and their relative peak areas) were Leu-Pro-Lys (10.49%), Ser-Gly-Leu (8.72%), Ala-Ala-Pro (7.36%), Val-Glu (5.62%), Pro-Leu (3.83%), Ser-Gly-Val (3.77%), Ala-His (3.40%), Ala-Arg (3.37%), and Leu-HisAla (3.03%). The peptide sequence results provide novel information that contributes to a better understanding of proteolysis and fundamental peptide characterizations.
Introduction
Jinhua ham is the most famous traditional Chinese dry-cured meat product. It has a characteristic flavour, colour, taste, and appearance. During its processing, many biochemical reactions occur, including lipid oxidation, Strecker degradation, and Maillard reactions. [1, 2] One of the main biochemical changes was the degradation of protein fractions. [3] The cathepsin and calpain endopeptidases played crucial roles in muscle proteolysis during dry-cured ham processing. [4] High molecular weight proteins could be degraded into low molecular weight proteins, polypeptides, and free amino acids. Polypeptides might be further degraded by peptidyl peptidases, aminopeptidases, and carboxypeptidases, leading to the generation of smaller peptides and free amino acids. [5, 6] Specific combinations of peptides and free amino acids might make a major contribution to the characteristic taste of Jinhua ham and provide substrates for the generation of typical volatile compounds. [7] Italian Parma, San Daniele, and Toscano dry-cured hams, which were produced using different processing methods, exhibited significant differences in their sensory characteristics.- [8] Studies of the functional peptides generated during dry-cured ham processing worldwide have isolated and identified peptides that showed high angiotensin-converting enzyme inhibitory activity and antioxidant activity from Spanish Teruel ham, Xuanwei ham, and Jinhua dry-cured ham. [9, 10] These studies have shown that the peptide profile of each type of dry-cured ham plays a key role in determining both its nutritional and sensory qualities.
Studies of the peptides generated in European dry-cured hams have used proteomic analysis to investigate the proteolysis that occurs during processing and to identify the peptides produced. The activities of the peptidyl peptidases, aminopeptidases, and carboxypeptidases responsible for proteolysis have also been well studied. [11] [12] [13] [14] However, proteomics is not able to identify the processing sites of precursor proteins. Efforts were made during the last decade, and some peptide sequences have been described. [15] [16] [17] [18] [19] Peptide sequences derived from myofibrillar proteins and sarcoplasmic proteins have been identified in dry-cured hams. [12, 14, 20] Peptidomic characterization of proteins was recently suggested for the study of peptides such as titin and ubiquitin, and the proteins in dry-cured ham processing have been evaluated. [21, 22] Size-exclusion chromatography has been frequently used as an initial step for the analysis of dry-cured ham peptides, [16] which were fractionated according to their molecular size. Most peptides that accumulated in dry-cured ham were small peptides below 1200 Da, mainly dipeptides. The effects of peptides on the nutritional and sensory qualities of drycured ham were very complex because of their different chain lengths as well as the composition and sequences of their amino acids. [23, 24] One study reported that fractions eluted from 200 mL in sizeexclusion chromatography corresponded to peptides smaller than 2500 Da. [25] The peptides in the water-soluble extract proved to have a wide range of flavours, from bitterness to more desirable savoury flavours.
Knowledge of the peptide profile in dry-cured ham could be very useful for understanding the processing effects and thus developing strategies for better control right from the stage of pig genetics. The objective of this study was to separate, purify, and identify low molecular weight peptides generated in Jinhua ham and then determine the relationship between peptides and peptidases during the processing of the ham, to increase understanding of the influence of specific sequences on flavour development. Knowledge of the specific peptide sequences will help clarify their functional effects in dry-cured ham. The different specific peptide sequences that result from proteolysis in the different dry-cured ham products could then be used as an authentication tool to enable purchasers to detect possible fraud in the production and sale of dry-cured hams.
Materials and methods

Jinhua ham processing and sampling
Jinhua hams were processed according to traditional methods by Zhejiang Provincial Food Company, PR China. The process began in winter and finished in the following autumn (eight months in total). The processing consisted of six stages: green ham preparation, salting, washing, sun-drying and shaping, ripening, and post-ripening. At the end of post-ripening, five hams were chosen at random as samples. The entire biceps femoris was taken from each ham for analysis. Samples were labelled, packed, and stored at −40°C.
Extraction
The peptide crude extracts were prepared according to the method described by Escudero et al. [26] with slight modifications. Samples were thawed at 4°C, trimmed off visible fat and connective tissue, and minced. A 20 g portion of minced sample was homogenized in 100 mL of 0.2 M phosphate buffer (PBS, pH 7.2) using an IKA T18 basic disperser (Staufen, Germany) (three processes of 10 s each at 22,000 rpm with cooling on ice). The homogenate was held at 4°C for 12 h and then centrifuged at 12,500 g for 20 min at 4°C. The supernatant was filtered through glass wool, and then three volumes of ethanol were added to the filtrate. The mixture was kept for 12 h at 4°C and then centrifuged at 12,500 g for 15 min at 4°C for de-proteinizing. The final supernatant was then dried in a vacuum freeze dryer (LYOVAC GT2, SRK, Germany) for 48 h and stored at −20°C.
Separation
A 2 g sample of extract powder was dissolved in 50 mL of deionized water and filtered through a 0.45 μm membrane (Millipore, Bedford, MA, USA). The filtrate was separated using a TFF system equipped with an ultrafiltration membrane with a molecular weight cut-off (MWCO) of 5,000 Da. The flow rate and pressure were 3.5 mL/min/cm 2 and 2.5 × 10 5 Pa, respectively. Fractions passed through the 5,000 MWCO membrane were recovered and dried in a vacuum freeze dryer for 48 h and stored at −20°C.
A 1 g sample of the powder passed through the 5,000 MWCO membrane was dissolved in 10 mL of deionized water, and a 5 mL aliquot of the fraction was filtered through a 0.45 μm membrane (Millipore, Bedford, MA, USA). The sample was subjected to size-exclusion chromatography with a column packed with Sephadex G-25 (Sigma Aldrich, St. Louis, MO, USA) to fractionate the peptides according to their different molecular masses. Separation was performed at a constant flow rate of 30 mL/h eluted with deionized water at room temperature. Fractions were monitored at 214 nm using an ultraviolet detector (HD-1, HUXI, Shanghai, China), and fractions were collected every 2 min using an automatic fraction collector (HD-1, HUXI, Shanghai, China). Fractions in the same peak were pooled and dried in a vacuum freeze dryer for further separation.
Identification
A 10 μL aliquot of the redissolved fraction was injected into a high-performance liquid chromatography tandem mass spectrometry system. Peptides were separated using high-performance liquid chromatography (ACQUITY UPLC, Waters, Milford, MA, USA) with a BEH C18 column (100 × 2.1 mm; 1.7 µm particle size, Waters) and a photodiode array detector (ACQUITY PDA, Waters, Milford, MA, USA) with a range of 200-700 nm at 45°C. The eluents were solvent A, containing 0.9% trifluoroacetic acid in water, and solvent B, containing 0.1% trifluoroacetic acid in water/acetonitrile (10:90). Both eluents were filtered using a 0.45 μm filter and degassed before analysis. Peptides were eluted at a flow rate of 0.3 mL/min, using a 5 min isocratic gradient with solvent A, followed by a linear gradient from 0 to 60% of solvent B within 40 min. The elution peaks were monitored using the photodiode array detector at a wavelength of 214 nm.
Tandem mass spectrometry (MALDI SYNAPT Q-TOF MS, Waters, Milford, MA, USA) was used with multiple reactions measuring (MRM). Matrix-assisted laser desorption ionization positive ion pattern (MALDI) was used for ionization. The MS scanning range was from 200 to 4000 Da. Nitrogen was used as the collision gas. The capillary voltage was set at 3.5 kV, and the cone voltage was 20 V. The source block temperature was set at 100°C, and the desolvation temperature was 250°C. The collision energy and detector voltage were set at 15 V and 1600 V, respectively. The desolvation gas flow and cone gas flow were 500 L/h and 50 L/h, respectively.
Data analysis
Information on the polypeptides was inputted to the Mass Lynx 4.1 (Waters, USA) data processing system to obtain accurate molecular masses and amino acid sequences. The molecular masses of the peptides purified by HPLC were determined by mass spectrometry, and sequences were determined according to the secondary ion mass spectra of the singly charged ions ([M + H] + ) performed with the same system. Because many different amino acid combinations can correspond to a given mass, the matched peptides required further manual verification. Peptides with theoretical molecular masses that agreed well with the detected molecular masses were identified as the objective peptides.
Results and discussion
Peptide extracts were fractionated by size-exclusion chromatography (Figure 1 ). Fractions corresponding to the eluted peak (a total of six fractions) were obtained based on their variations in molecular weight, and labelled as 1 to 6. The retention time of the first four peaks was narrow, from 50 to 100 min, indicating that the molecular masses of the peptides in these fractions were similar, so they were pooled before drying in a vacuum freeze dryer and were labelled "a". Fractions 5 and 6 were also dried and were labelled "b" and "c," respectively.
The fractions went through further purification using HPLC, and the peaks that exhibited absorbance at 214 nm were detected. Peptide profiles of fractions a, b, and c, named "a1", "b1", and "c1" after HPLC, respectively, are shown in Figure 2 . There were about 11 major peaks of fraction a, 12 of fraction b, and 13 of fraction c. The retention time and hydrophobic character revealed by the chromatography analysis indicated that they were probably small peptides. A large number of peptide peaks were observed in a1, b1, and c1, indicating that a large number of peptides was present in these three fractions. Total ion chromatograms for fractions a1, b1, and c1 are shown in Figure 2 . Fractions named a2, b2, and c2 corresponded to fractions a1, b1, and c1, respectively (Figure 3) . Combined with the fragment information of profiles a2, b2, and c2, precise masses of the peptides were determined. The amino acid compositions of the separated peptides were identified using secondary ion mass spectrometry. Table 1 lists the identified peptides along with their expected mass, repeatability, and relative peak area expressed as a percentage of total area. Sixty-three peptides were identified between 227.1 Da and 1540.8 Da, including 10 dipeptides, 14 tripeptides, 12 tetrapeptides, eight pentapeptides, eight hexapeptides, four heptapeptides, one octopeptide, three nonapeptides, one decapeptide, one dodecapeptide, and one tridecapeptide. This result is in accordance with the previous results reported for European dry-cured hams. [27] Research on European dry-cured hams has shown that most peptides that accumulate in ham products were small. Five size ranges of peptides extracted from traditional Spanish dry-cured ham at different processing times were identified using HPLC, and a clear increase in peptides below 2700 Da was observed. [24] The proteolysis of troponin T in dry-cured ham generated 27 peptides, with masses of 1706.80 Da-3162.76 Da identified using MALDI-TOF/ TOF. [12] Small peptides are released from glycolytic enzymes in muscle during dry-cured ham processing, and a total of 45 specific fragments of these enzymes within the range of 510.21-940.26 Da were observed. [14] Different pig genotypes are associated with the generation of different peptides in dry-cured hams. Peptides generated in Spanish Teruel, Italian Parma, and Belgian dry-cured hams have been identified and quantified using a label-free method to assess the main differences in proteolysis between the three types of ham. [27] The main peptides responsible for the differences detected were three types of myosin light chain from Sus scrofa proteins and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), myosin heavy chain-7, and myosin 4 from S. scrofa. Different processing parameters (such as salt content, processing temperature, and curing time) also lead to different peptide characteristics. Spanish Teruel dry-cured ham exhibited more angiotensin-converting enzyme inhibitory activity than Parma and Belgian hams for the same range of eluted volume of peptide. This fact could be due to the longer curing period of Spanish Teruel hams (14 months) in comparison with Italian Parma (12 months) and Belgian (9 months) hams. The effect of proteolytic enzymes on the generation of small peptides and free amino acid is widely known. [21, 28] The different types and activities of endogenous muscular enzymes are the main reasons for the different hydrolysis and peptide profiles in dry-cured hams. Figure 3 . Total ion chromatograms of MS/MS. a2, b2, and c2 are in accordance with the MS profiles a1, b1, and c1, respectively. In the 10-month processing period of Jinhua ham, muscle proteins were hydrolysed continuously, and small molecular products such as small peptides of molecular weight < 1 kDa and free amino acids were generated. [2] The differences between Jinhua ham and European hams might be attributed to different raw materials, the relatively short processing duration, and the high temperature in the final phase of processing Jinhua ham compared with most European dry-cured hams, which result in relatively strong activities of proteolytic enzymes that hydrolyse soluble proteins, as described next. [1] Among the 63 identified peptides, the total relative peak areas of dipeptides, tripeptides, tetrapeptides, pentapeptides, hexapeptides, and heptapeptides were 23.59%, 48.28%, 21.08%, 3.72%, 1.96%, and 0.86%, respectively. Thirty peptides had relative peak areas of more than 1.00%, especially LPK, SGL, AAP, VE, PL, SGV, AH, AR, and LHA.
Dipeptidyl peptidases (DPPs) can hydrolyse polypeptides to generate dipeptides. Different kinds of DPP act on different sites of polypeptides and generate different dipeptides. AR and GR were first generated by the effect of DPP I, and GP was produced by DPP II and DPP IV, whereas DPP III generated RR and AR. [29] [30] [31] [32] However, other peptides can also be produced by these peptidases at a slower rate. All of these DPPs had a better stabilization and activity even after the fifteenth month of post-ripening of Jinhua dry-cured hams. DPP І remained strongly active throughout the processing of Jinhua ham, whereas the activity of DPP IV was always weak despite its strong activity shown in vitro. [33] This suggests that DPP I might be a key enzyme responsible for the generation of dipeptides during Jinhua ham processing. Dipeptide LK might come from the cleavage of the pentapeptide EEELK or the nonapeptide THAFASELK, and SE might come from the cleavage of the hexapeptide VGTGSE or the nonapeptide FLDVSEAAP. The decomposition of the tetrapeptide LLAH and the heptapeptide PPGSFEL might result in the generation of AH and FE, respectively. In this study, AR, which had relatively higher contents, might be attributed to DPP I and DPP III. Considering this, our result was in accordance with the regular pattern, and these DPPs could be responsible for the observed high content of dipeptides.
Two kinds of tripeptidyl peptidase (TPP I and TPP II) were found that could generate different tripeptides in dry-cured ham by hydrolysing proteins and polypeptides. TPP I can produce GPX, where X could be any amino acid, but the optimal choice would be a hydrophobic amino acid. TPP II can produce many types of tripeptides except for those with P in the terminal position. AAF is generated by TPP II. Considering this, the generation of the tripeptide EEE observed in our study might be the result of TPP hydrolysing peptides EEELK and EEELKVL, and peptide SGV might be attributable to the TPP hydrolysing peptides EPSGV and ESGV. AAP might be derived from LAAP and FLDVSEAAP; LPK and LLP might come from LLLLPKDKKLYPV; and GSF and LHA might come from PPGSFEL and AEPLHAV, respectively.
Aminopeptidases are enzymes that are responsible for the loss of N-terminal amino acids in peptides. Studies have revealed the activity of all aminopeptidases during the processing of drycured hams, even at more than 12 months, suggesting that these enzymes might be involved in protein degradation in the later stages of processing. [34, 35] Zhao et al. [4, 6] reported that LAP, AAP, and RAP were the most important aminopeptidases in Jinhua ham. LAP exhibited greater activity than AAP or RAP during ageing and post-ageing, especially at the later stage of ripening and throughout post-ripening, suggesting that it is the main contributor to the generation of free amino acids during the processing of Jinhua ham. The N-terminal sites of peptides LAAP and VPL are L and V, respectively. This could explain the generation of peptides AAP and PL by the continuous activity of aminopeptidases. It is likely that peptides SGV, LK, and VE were produced by the loss of E from the N-terminal sites of peptides ESGV, ELKS, and EVEE, which suggests that aminopeptidases play an important role in the generation of peptides throughout the curing process. These results are in accordance with those previously reported by Escudero et al. [26] for traditional Spanish dry-cured ham. They reported that aminopeptidase activity was detected even after 8 months of processing, suggesting that these enzymes are still involved in the last period of curing.
Carboxypeptidases are responsible for the hydrolysis of amino acids from the C-terminal site of peptides. This group of enzymes has not been as widely studied in dry-cured ham as have the aminopeptidases. [36] In our study, EEEL, LLAHL, and PPGSFEL had an additional L at the C-terminal site, compared with EEE, LLAH, and FE, and LKE and EVEE had an additional E compared with LK and VE. Moreover, EEELK had an additional K compared with EEEL, and ELKS had an additional S compared with LK. These findings confirmed the activity of carboxypeptidases on the C-terminal of peptides, in accordance with previously reported results. [25] The difference between DSRGNPTVEVDLHTAKG and DSRGNPTVEVDLHTAKGR can be attributed to the action of carboxypeptidases, which are responsible for the loss of C-termini amino acids.
LAP, AAP, RAP, and carboxypeptidases might be the most important contributors to the generation of free amino acids, whereas the generation of dipeptides and tripeptides is mainly attributed to DPP and TPP, respectively. Aminopeptidases, carboxypeptidases, and peptidyl peptidases may play an important role in the generation of peptides in dry-cured ham.
Conclusion
The peptide profile of Jinhua ham has been described. The differences obtained in the relative quantification of different peptide types and in the sequences of peptides are mainly due to the action of endogenous enzymes in dry-cured hams. The peptides identified in our study proved that in the post-ageing stage of dry-curing, many small peptides of MW less than 1600 kDa were generated, including dipeptides, tripeptides, tetrapeptides, pentapeptides, and hexapeptides. Their relative peak areas indicate that dipeptides, tripeptides, and tetrapeptides are the three main peptide types present in the post-ageing period. Further research is under way in our laboratory to determine the quantity and biochemical characteristics of the different peptides to provide a theoretical basis for modernizing the processing of Jinhua ham.
